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New  Pt/C  cathodes  with  many  reaction  sites  for  the  oxygen  reduction  reaction  as  well  as  high  tol¬ 
erance  to  Pt  corrosion  have  been  designed  for  high-temperature  proton  exchange  membrane  fuel 
cells  (PEMFCs),  wherein  a  composite  mixture  of  Sno.glno.^Oy  (SIPO)  and  sulfonated  polystyrene-b- 
poly(ethylene/butylene)-b-polystyrene  (sSEBS)  functioned  as  an  ionomer.  The  microstructure  of  the 
Pt-SIPO-sSEBS/C  cathode  was  characterized  by  homogeneous  distribution  of  the  ionomer  over  the  cat¬ 
alyst  layer  and  close  contact  between  the  ionomer  and  the  Pt/C  powder.  As  a  result,  the  activation  and 
concentration  overpotentials  of  the  Pt-SIPO-sSEBS/C  cathode  between  100  and  200  °C  were  lower  than 
those  of  an  H3P04-impregnated  Pt/C  cathode,  which  suggests  that  the  present  ionomer  can  avoid  poi¬ 
soning  of  Pt  by  phosphate  anions  and  the  limitation  of  gas  diffusion  through  the  catalyst  layer.  Moreover, 
agglomeration  of  Pt  in  the  Pt-SIPO-sSEBS/C  cathode  was  not  observed  during  a  durability  test  at  150  °C 
for  6  days,  although  it  was  significant  in  the  Pt-H3P04/C  cathode.  Therefore,  it  is  concluded  that  the 
Pt-SIPO-sSEBS/C  electrode  is  a  very  promising  cathode  candidate  for  high-temperature  PEMFCs. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  there  has  been  significant  interest  in  the  devel¬ 
opment  of  high-temperature  (>1 00  °C)  proton  exchange  membrane 
fuel  cells  (PEMFCs)  [1,2].  Operating  a  fuel  cell  at  elevated  tem¬ 
peratures  provides  the  anode  catalyst  with  high  tolerance  to  CO, 
eliminating  the  need  for  a  CO-removal  unit.  In  addition,  the  elec¬ 
trode  reaction  kinetics  are  enhanced,  permitting  low  Pt  loading. 
Other  advantages  include  simplified  water  management,  good 
drainage  at  the  cathode,  and  effective  heat  dissipation.  Among 
such  PEMFC  systems,  solid  acid  fuel  cells  have  been  intensively 
investigated  over  the  past  decade.  Various  types  of  solid  acids 
have  been  reported  to  exhibit  relatively  high  proton  conductivity 
(10-3-10-1  Son-1)  at  low  humidities  [3-11].  More  recently,  thin 
solid  acid  membranes  have  also  been  fabricated  by  compositing 
solid  acid  powers  with  organic  binders  or  substrates  [12-14]. 

In  spite  of  these  efforts,  the  power  output  and  durability  of 
solid  acid  fuel  cells  remain  strongly  dependent  on  the  catalytic 
activity  and  thermo-chemical  stability,  respectively,  of  the  cath¬ 
ode  used  [15].  The  cathode  commonly  comprises  Pt,  carbon,  and  a 
proton-conductive  ionomer.  Liquid  H3PO4  [16,17]  and  electrolyte 
components  [  1 8-20]  are  usually  employed  as  ionomers  in  solid  acid 
fuel  cells.  Although  the  H3PO4  ionomer  can  be  homogeneously  dis¬ 
tributed  over  the  catalyst  layer,  providing  a  number  of  reaction  sites 
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for  the  oxygen  reduction  reaction  (ORR),  it  faces  a  serious  challenge 
in  that  the  Pt  particle  is  easily  corroded  [21].  Other  challenges  for 
the  H3PO4  ionomer  include  poisoning  of  the  Pt  catalyst  by  strong 
adsorption  of  phosphate  anions  [22]  and  low  oxygen  solubility  in 
H3PO4  [23].  In  contrast,  because  the  solid  acid  ionomers  are  tightly 
fixed  in  the  catalyst  layer,  they  are  not  washed  away  from  the  cath¬ 
ode.  However,  it  is  difficult  to  form  continuous  three-dimensional 
networks  of  the  solid  acid  ionomer  through  the  pores  of  the  cat¬ 
alyst  layer,  due  to  which  proton  transfer  is  interrupted  [18,19]. 
Accordingly,  the  chemical,  structural,  and  thermal  properties  of 
the  ionomer  used  are  very  important  factors  for  determining  the 
cathode  performance  and  lifetime. 

From  the  above  discussion,  it  is  clear  that  a  better  ionomer  needs 
to  be  developed  for  practical  applications  of  solid  acid  fuel  cells.  In 
this  study,  we  attempted  to  design  a  new  ionomer  that  overcomes 
the  disadvantages  of  H3P04  and  solid  acid  ionomers  while  incorpo¬ 
rating  their  advantages.  Our  approach  is  to  use  an  elastic  composite 
ionomer  comprising  a  solid  acid  and  an  organic  binder.  This  offers 
the  possibility  that  this  ionomer  can  spread  widely  within  a  catalyst 
layer,  such  as  H3P04,  and  attach  tightly  to  the  Pt/C  powder,  such 
as  solid  acids.  The  solid  acid  used  in  this  study  was  Sno.glno.^Oy 
(SIPO)  powder  that  shows  high  proton  conductivities  (~0.1  S  cm-1 ) 
between  100  and  300  °C  in  dry  and  wet  conditions  [10].  A  unique 
feature  of  this  material  is  that  the  conductivity  increases  mono- 
tonically  with  increasing  temperature  [24],  which  is  different 
from  superprotonic  behavior  that  shows  a  sharp  increase  in  the 
conductivity  of  some  orders  of  magnitude  by  structural  transition 
from  a  low-  to  a  high-temperature  phase  [3,9].  Three  candidate 
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PVDF-  •  Polyvinylidene  difluoride 


-tCH2— CF  2fr 


field  transmission  images  were  obtained  using  a  Jeol  JEM2100F 
microscope  at  an  accelerating  voltage  of 200  kV  with  a  beam  current 
of  92  pA 


SEBS  •  •  Polystyrene-b-poly(ethylene/butylenes)-b-polystyrene 
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Fig.  1.  Chemical  structures  of  PVDF,  SEBS,  and  sSEBS. 


binders  were  investigated  to  search  for  a  composite  ionomer  with 
good  mechanical  stability,  including  polyvinylidene  difluoride 
(PVDF),  polystyrene-b-poly(ethylene/butylenes)-b-polystyrene 
(SEBS),  and  sulfonated  polystyrene-b-poly(  ethylene/butylene  )-b- 
polystyrene  (sSEBS),  shown  in  Fig.  1.  H3P04  was  also  tested  as  an 
ionomer  for  comparison  with  the  obtained  composite  ionomers 
for  catalytic  properties  and  deterioration  of  the  cathode. 

2.  Experimental 

2.1.  Preparation  of  cathodes 

The  cathodes  were  synthesized  as  follows.  SIPO  was  obtained  in 
the  same  manner  as  reported  previously  [10].  4.0  g  of  SIPO  powder 
was  ground  in  20.0  g  of  tetrahydrofuran  (THF)  using  a  planetary 
ball  mill  at  1 50  rpm  for  1 6  h.  THF  was  also  used  as  a  solvent  for  dis¬ 
solving  PVDF  (Gunze  Limited),  SEPS,  or  sSEBS  (Kuraray  Co.  Ltd.). 
Binder  (l.Og  each)  was  added  to  20.0  g  of  THF  while  stirring  at 
room  temperature  until  a  homogeneous  solution  was  formed.  Pt/C 
powder  (0.067  g;  30  wt%  Pt,  Tanaka  Kikinzoku  Kogyo)  was  also  sus¬ 
pended  in  4.480  g  of  THF.  Catalyst  inks  with  different  weight  ratios 
(Pt/C:SIPO:binder  =  2:(1  -x):x)  were  prepared  by  mixing  appropri¬ 
ate  quantities  of  SIPO  slurry,  binder  solution  and  Pt/C  suspension 
in  THF  using  an  ultrasonic  bath  for  20  min.  Each  ink  was  then 
painted  on  the  surface  of  a  gas  diffusion  layer  (Toray  TGPH-090) 
using  a  spray  coating  technique,  followed  by  heating  at  50  °C  in 
atmospheric  air  for  10  min.  The  Pt  loading  was  adjusted  to  be 
around  0.6  mg  cm-2  by  controlling  the  spray  time.  For  comparison, 
a  commercially  available  Pt/C  (BASF,  Pt  loading:  0.6  mg  cm-2)  was 
impregnated  with  supersaturated  105%  H3P04  at  130  °C  overnight. 


A  pressed  SIPO  pellet  (thickness:  ~1  mm)  and  a  SIPO- 
polystyrene-b-poly(ethylene/propylene)-b-polystyrene  (SEPS) 
composite  membrane  (80wt%  SIPO,  thickness:  ~60p,m)  were 
used  as  electrolytes  for  the  cathode  polarization  measurements 
and  fuel  cell  tests,  respectively.  The  preparation  methods  of 
these  electrolytes  have  been  described  in  our  previous  studies 
[10,14].  For  both  measurements,  an  ionomer-free  Pt/C  anode  (Pt 
loading:  0.6  mg  cm-2)  obtained  from  BASF  was  used.  The  cathodic 
overpotential  was  measured  using  the  following  procedure.  The 
anode  and  cathode  (area:  0.5  cm2)  were  arranged  on  opposite 
sides  of  the  pressed  electrolyte.  Two  gas  chambers  were  set  up 
by  placing  the  cell  assembly  between  two  alumina  tubes.  The 
anode  and  cathode  chambers  were  supplied  with  non-humidified 
hydrogen  and  air,  respectively,  at  a  flow  rate  of  30  mLmin-1  in  the 
temperature  range  100-200  °C.  The  overpotentials  of  the  cathodes 
were  analyzed  using  the  current  interruption  method,  wherein 
a  sharp  change  in  voltage  corresponds  to  ohmic  loss,  and  a  slow 
voltage  change  corresponds  to  non-ohmic  polarization  losses 
(activation  and  concentration).  In  the  present  case,  an  Au  reference 
electrode  was  attached  to  the  surface  on  the  side  of  the  electrolyte. 
The  exchange  current  density,  i0,  for  the  cathode  was  estimated 
using  the  following  equation  [25]: 

RT  RT 

^  ~  anF\n(i0)  +  cmFln(i) 

where  rj  is  the  overpotential,  R  is  the  gas  constant,  F  is  the  Faraday 
constant,  n  is  the  number  of  exchanged  electrons,  a  is  the  transfer 
coefficient,  and  i  is  the  current  density.  Fuel  cell  tests  were  car¬ 
ried  out  using  the  four-probe  method.  The  electrolyte  membrane 
was  sandwiched  between  the  two  electrodes  (area:  0.5  cm2)  and 
hot-pressed  at  120°C  at  0.8  MPa  for  30  s.  A  hydrogen/air  fuel  cell 
was  set  up  in  the  same  manner  as  above.  The  discharge  proper¬ 
ties  of  the  fuel  cell  were  measured  at  temperatures  from  100  to 
200  °C  using  a  Hokuto  Denko  HA-501  galvanostat.  The  durability 
of  the  fuel  cell  was  also  measured  by  monitoring  the  cell  voltage 
while  maintaining  a  constant  current  density  at  150°C  for  50  h. 
The  impedance  spectra  before  and  after  the  durability  tests  were 
acquired  using  a  Solartron  SI  1260  impedance/gain-phase  analyzer 
with  an  AC  amplitude  of  20  mV  at  frequencies  ranging  from  1 00  kHz 
to  0.1  Hz. 

3.  Results  and  discussion 

3.1.  Polarization  properties  of  cathodes 


2.2.  Characterizations  of  cathodes 

The  microstructures  of  the  as-prepared  cathodes  were  analyzed 
using  X-ray  diffraction  (XRD)  and  scanning  electron  microscopy 
(SEM).  The  XRD  patterns  were  recorded  using  a  Rigaku  Miniflex  II 
instrument  with  Cu  Ka  radiation  (A  =  1 .5432  A)  as  the  X-ray  source. 
The  diffractometer  was  operated  at  45  kV  and  20  mA.  SEM  images 
were  obtained  using  a  Hitachi  S-4800  microscope  at  an  accelerating 
voltage  of  1 5  kV  with  a  beam  current  of  0.2  nA.  The  agglomeration 
of  Pt  particles  in  the  cathodes  was  also  measured  as  follows.  The 
cathodes  were  kept  on  the  surface  of  a  pressed  electrolyte,  which 
will  be  described  later,  in  air  at  1 50  °C  for  6  days.  Subsequently,  the 
size  of  the  Pt  particle  was  determined  from  the  half-value  width 
of  the  (111)  XRD  peak,  and  the  distribution  of  the  Pt  particles  was 
observed  using  transmission  electron  microscopy  (TEM).  Bright- 


The  ORR  activity  of  the  Pt-SIPO-PVDF,  -SEBS,  and  -sSEBS/C 
cathodes  with  a  weight  ratio  of  Pt/C:SIPO:binder  =  2:0.5:0.5  at  a 
temperature  of  150°C  is  shown  in  Fig.  2(a),  in  addition  to  the 
data  for  the  Pt-H3P04/C  and  ionomer-free  Pt/C  cathodes.  The 
overpotential  and  current  relationships  were  not  linear,  espe¬ 
cially  at  low  currents,  for  all  the  cathodes  tested,  which  indicates 
that  the  activation  overpotential  was  dominant.  The  overpotential 
decreased  in  the  order  Pt-SIPO-PVDF/C  >  Pt/C  >  Pt-SIPO-SEBS/C  >  Pt- 
H3P04/C >  Pt-SIPO-sSEBS/C.  This  same  order  was  observed  at  100 
and  200  °C,  although  we  could  not  exactly  measure  the  overpo¬ 
tential  of  the  Pt-SIPO-PVDF/C  at  100  °C  because  of  its  very  unstable 
behavior.  It  is  worth  noting  that  the  Pt-SIPO-sSEBS/C  cathode  exhib¬ 
ited  a  higher  ORR  activity  than  the  Pt-H3P04  cathode.  This  will  be 
further  discussed  later.  To  clarify  how  each  ionomer  contributes 
to  the  enhancement  of  ORR  activity,  i0  was  estimated  for  the  five 
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Fig.  2.  (a)  Cathodic  overpotentials  at  150°C  and  (b)  Arrhenius  plots  of  the  exchange  current  density  for  Pt-SIPO-sSEBS/C,  Pt-SIPO-SEBS/C,  Pt-SIPO-PVDF/C,  Pt-H3P04/C,  and 
Pt/C. 


Fig.  3.  XRD  patterns  of  (a)  Pt-SIPO-sSEBS/C,  (b)  Pt-SIPO-SEBS/C,  and  (c)  Pt-SIPO- 
PVDF/C. 

cathodes.  As  seen  in  Fig.  2(b),  the  activation  energies  obtained  from 
the  slopes  of  the  Arrhenius  plots  were  similar  for  each  cathode 
(~30  kj  mol-1 ),  which  suggests  that  the  same  reaction  mechanism 
for  the  ORR  was  operating  at  the  five  cathodes.  We  speculate  that 
the  differences  in  the  i0  values  among  the  five  cathodes  arise  from 
differences  in  the  frequency  factor,  A.  The  A  value  may  also  be 
considered  to  reflect  the  number  of  reaction  sites  at  the  cath¬ 
ode.  On  the  other  hand,  the  i0  value  and  the  Tafel  slop  obtained 
for  the  Pt-SIPO-sSEBS/C  cathode  at  200  °C  were  4.47  mAcm-2  and 
145  mV  decade-1,  respectively.  These  properties  are  more  favor¬ 
able  as  a  cathode  than  the  corresponding  data  reported  for  an 
ionomer-free  Pt/C  cathode  at  200  °C  [26],  which  confirms  the  valid¬ 
ity  of  our  measurements. 

3.2.  Characterizations  of  cathodes 

The  Pt-SIPO-PVDF,  -SEBS,  and  -sSEBS/C  cathodes  with  the  same 
weight  ratio  as  above  were  characterized  using  XRD  and  SEM.  Fig.  3 


Fig.  5.  Arrhenius  plots  of  proton  conductivity  for  SIPO-sSEBS  and  -SEBS  composite 
ionomers. 


indicates  that  all  of  the  diffraction  peaks  observed  for  the  three 
cathodes  could  be  assigned  to  either  SIPO,  Sn02 ,  carbon,  or  Pt.  (Sn02 
still  remains  in  the  bulk  of  the  SIPO  particles  because  of  the  forma¬ 
tion  of  a  core-shell  structure  [27].)  The  peak  intensities  of  these 
components,  except  for  carbon,  were  comparable  among  the  three 
cathode  samples.  In  contrast,  Fig.  4  reveals  a  large  difference  in 
the  surface  morphology  for  the  three  cathodes.  Whereas  the  Pt- 
SIPO-SEBS  and  -sSEBS/C  cathodes  showed  high  porosity  with  pore 
dimensions  of  several  micrometers  or  larger,  the  Pt-SIPO-PVDF/C 
cathode  was  visually  observed  to  be  non-porous  and  significantly 
cracked.  It  appears  that  in  the  case  of  the  Pt-SIPO-PVDF/C  cathode, 
gas  diffusivity  and  permeability  are  very  poor,  thereby  resulting  in 
the  extremely  low  ORR  activity  observed  (Fig.  2).  In  other  words, 
it  is  suggested  that  the  difference  in  ORR  activity  between  the  Pt- 
SIPO-SEBS  and  -sSEBS  (Fig.  2)  is  not  primarily  due  to  the  difference 
in  their  microstructure  and  morphology. 


Fig.  4.  SEM  images  of  (a)  Pt-SIPO-sSEBS/C,  (b)  Pt-SIPO-SEBS/C,  and  (c)  Pt-SIPO-PVDF/C. 
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-x-Pt/C  ■  SIPO(l.OO) :  sSEBS(O.OO) 


Unlike  SEBS,  sSEBS  has  acidic  functions  as  proton  sites  (Fig.  1). 
There  is  the  possibility  that  such  acidic  functions  permit  addi¬ 
tional  proton  transfer  in  the  Pt-SIPO-sSEBS/C  cathode.  To  confirm 
this  possibility,  the  proton  conductivity  of  the  SIPO-sSEBS  ionomer 
with  a  weight  ratio  SIPO:sSEBS  =  0.5:0.5  was  compared  with  that 
of  the  SIPO-SEBS  ionomer  with  the  same  weight  ratio  as  above  in 
non-humidified  air.  Fig.  5  shows  that  the  proton  conductivities  of 
the  SIPO-sSEBS  ionomer  were  several  orders  of  magnitude  higher 
than  those  of  the  SIPO-SEBS  ionomer  over  a  wide  temperature 
range  (50-200  °C).  It  is  probable  that  the  acidic  functions  form  a 
proton-conducting  pathway  from  one  SIPO  cluster  to  another.  It  is 
thus  concluded  that  the  good  performance  of  the  Pt-SIPO-sSEBS/C 
cathode  is  attributable  to  its  relatively  high  proton  conductivity. 
Subsequent  experiments  were  therefore  performed  using  the  Pt- 
SIPO-sSEBS/C  cathode. 


3.3.  Optimization  of  cathode 

The  Pt-SIPO-sSEBS/C  cathodes  with  various  weight  ratios 
(Pt/C:SIPO:sSEBS  =  2:(l -x):x)  were  investigated  to  optimize  the 
SIPO  and  sSEBS  contents.  The  overpotentials  of  the  Pt-SIPO-sSEBS/C 
cathodes  at  a  temperature  of  150°C  are  shown  in  Fig.  6.  The 
overpotential  decreased  with  increasing  x  value,  reached  a  min¬ 
imum  at  x  =  0.5,  and  subsequently  increased.  Accordingly,  the 
optimal  weight  ratio  of  SIPO: sSEBS  was  determined  to  be  0.5:0.5. 
It  should  be  noted  that  the  overpotentials  of  the  Pt-SIPO/C  (x  =  0) 
and  Pt-sSEBS/C  (x  =  l)  were  much  larger  than  those  of  all  the  Pt- 
SIPO-sSEBS/C  cathodes.  These  behaviors  can  be  explained  by  the 
cross-sectional  SEM  images  of  the  Pt-SIPO-sSEBS/C  (x  =  0.5),  Pt- 
SIPO/C,  and  Pt-sSEBS/C  cathodes,  shown  in  Fig.  7.  By  comparing 
the  microstructures  of  the  Pt-SIPO-sSEBS/C  and  Pt-SIPO/C  cathodes, 
it  is  seen  that  while  approximately  400-nm-sized  SIPO  particles 
were  clearly  visualized  in  the  Pt-SIPO/C  matrix  (Fig.  7(b)),  the  SIPO 
particles  were  almost  perfectly  covered  with  both  the  Pt/C  pow¬ 
ders  and  the  sSEBS  binders  in  the  Pt-SIPO-sSEBS/C  (Fig.  7(c)).  More 
importantly,  the  aggregates  comprised  of  the  three  components 
were  more  closely  connected  to  each  other  in  the  Pt-SIPO-sSEBS/C 
matrix,  compared  with  the  SIPO  particles  in  the  Pt-SIPO/C  matrix.  It 
is  suggested  that  the  number  of  reaction  sites  for  ORR  is  much  larger 
for  the  Pt-SIPO-sSEBS/C  than  for  the  Pt-SIPO/C.  On  the  other  hand, 
the  Pt/C  powders  were  packed  with  the  sSEBS  binder  in  the  Pt- 
sSEBS/C  matrix  (Fig.  7(a)),  wherein  the  supply  of  oxygen  molecules 
to  the  reaction  sites  was  likely  insufficient.  In  addition,  because  the 
proton  conductivity  of  sSEBS  at  150°C  is  as  low  as  ~10-5  Son-1 
[28],  sSEBS  alone  cannot  function  as  the  ionomer.  These  results 
demonstrate  that  the  combination  of  SIPO  and  sSEBS  is  necessary 
to  develop  a  promising  ionomer  for  solid  acid  fuel  cells. 

3.4.  Performance  of  cathode 

To  better  understand  the  cathode  performance,  a  hydrogen/air 
fuel  cell  was  fabricated  with  the  Pt-SIPO-sSEBS  cathode,  and  the 
discharge  properties  were  measured  at  temperatures  in  the  range 
from  100  to  200  °C.  The  cell  voltage  and  power  density  versus  the 
current  density  are  shown  in  Fig.  8,  including  the  data  for  the  fuel 


Fig.  7.  Cross-sectional  SEM  images  of  (a)  Pt-sSEBS/C,  (b)  Pt-SIPO/C,  and  (c)  Pt-SIPO-sSEBS/C. 


Fig.  8.  Cell  voltages  and  power  densities  versus  current  density  of  hydrogen/air  fuel  cells  with  the  (a)  Pt-SIPO-sSEBS/C  and  (b)  Pt-H3P04/C  cathodes. 
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Fig.  9.  XRD  patterns  of  (b)  Pt-SIPO-sSEBS/C  and  (b)  Pt-H3P04/C  before  and  after  exposure  to  air  at  150°C  for  6  days. 


cell  with  the  Pt-H3P04/C  cathode.  As  expected,  the  fuel  cell  with  the 
Pt-SIPO-sSEBS/C  cathode  exhibited  higher  power  densities,  com¬ 
pared  to  the  fuel  cell  with  the  Pt-H3P04/C  cathode.  This  clearly 
reflects  the  difference  in  cathodic  overpotential  between  the  two 
electrodes,  which  is  significant  especially  at  low  and  high  current 
densities.  We  can  associate  the  large  overpotential  observed  for 
the  Pt-H3P04/C  cathode  at  low  current  densities  with  a  high  energy 
barrier  of  the  charge-transfer  reaction,  which  probably  results  from 
poisoning  of  the  Pt  catalyst  due  to  strong  adsorption  of  phosphate 
anions  [22].  We  can  also  relate  the  large  overpotential  observed  for 
the  Pt-H3P04/C  cathode  at  high  current  densities  to  high  gas  trans¬ 
port  resistance  through  the  electrodes,  which  is  likely  due  to  the 
low  oxygen  solubility  in  H3P04  [23].  It  is  thus  concluded  that  the 
use  of  the  SIPO-sSEBS  ionomer  could  successfully  overcome  these 
disadvantages.  However,  the  open-circuit  voltages  (OCVs)  of  the 


Before  test 
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fuel  cell  with  the  Pt-SIPO-sSEBS/C  cathode  were  somewhat  lower 
than  those  of  the  fuel  cell  with  the  Pt-H3P04/C  cathode.  One  reason 
for  this  is  that  a  part  of  H3P04  in  the  Pt-H3P04/C  cathode  penetrates 
into  the  cathode  side  of  the  electrolyte  membrane,  which  prevents 
physical  leakage  of  gas  through  the  electrolyte  membrane.  Indeed, 
the  fuel  cell  with  an  ionomer-free  Pt/C  cathode  also  showed  com¬ 
parable  OCVs  at  all  the  temperatures  tested,  compared  to  the  fuel 
cell  with  the  Pt-SIPO-sSEBS/C  cathode. 

3.5.  Stability  of  cathode 

Finally,  the  stability  of  the  Pt-SIPO-sSEBS/C  cathode  was  investi¬ 
gated  under  two  operating  conditions,  open-circuit  and  discharge. 
After  keeping  the  Pt-SIPO-sSEBS/C  and  Pt-H3P04/C  cathodes  under 
open-circuit  conditions  at  150°C,  the  agglomeration  of  Pt  particles 
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Fig.  10.  TEM  images  of  (b)  Pt-SIPO-sSEBS/C  and  (b)  Pt-H3P04/C  before  and  after  exposure  to  air  at  150  °C  for  6  days. 
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Fig.  11.  Changes  in  the  cell  voltages  of  hydrogen/air  fuel  cells  with  Pt-SIPO-sSEBS/C 
and  Pt-H3P04/C  cathodes  at  150°C.  The  current  density  was  kept  at  a  constant  value 
of  100  mA  cm-2. 

in  each  cathode  was  analyzed  using  XRD  measurements.  It  can  be 
seen  from  Fig.  9  that  the  XRD  patterns  of  Pt  in  the  Pt-SIPO-sSEBS/C 
cathode  showed  no  significant  change  after  the  measurements, 
whereas  the  diffraction  peaks  of  Pt  were  considerably  decreased 
for  the  Pt-H3P04/C  cathode  after  6  days.  The  average  particle  size 
of  Pt  in  all  the  cathodes  were  estimated  from  the  Scherrer  formula 
to  be  4.20  and  4.26  nm  for  the  Pt-SIPO-ssEBS/C  before  and  after 
the  measurements,  respectively,  and  4.57  and  7.59  nm  for  the  Pt- 
H3PO4/C  before  and  after  the  measurements,  respectively.  These 
samples  were  also  characterized  using  TEM,  and  the  results  are 
shown  in  Fig.  10.  By  comparing  the  TEM  images  of  the  Pt-SIPO- 
sSEBS/C  and  Pt-H3P04/C  cathodes  after  the  measurements,  it  is 
obvious  that  agglomeration  of  Pt  particles  was  more  significant 
in  the  Pt-H3P04/C  cathode  than  in  the  Pt-SIPO-sSEBS/C  cathode.  A 
similar  result  for  the  Pt-EI3  P04/C  cathode  in  air  at  elevated  tempera¬ 
tures  was  reported  by  Elonji  et  al.  [21  ].  According  to  the  mechanism 
proposed  by  them,  the  agglomeration  of  Pt  particles  occurs  via 
dissolution  of  Pt  into  EI3P04  and  subsequent  redeposition  of  the 
dissolved  Pt,  which  is  also  applicable  in  the  present  case.  This  sug¬ 
gests  that  the  high  stability  of  the  Pt-SIPO-sSEBS/C  cathode  in  air  at 
elevated  temperatures  can  be  attributed  to  the  low  solubility  of  Pt 
in  the  SIPO-sSEBS  ionomer  or  the  low  acidity  of  this  ionomer. 

The  cell  voltage  of  the  fuel  cells  with  the  Pt-SIPO-sSEBS/C  and  Pt- 
H3P04  cathodes  was  monitored  during  cell  discharge  at  150°C.  In 
Fig.  1 1 ,  the  stability  of  the  cell  voltage  was  found  be  almost  indepen¬ 
dent  of  the  cathode  used.  The  cell  voltages  with  the  Pt-SIPO-sSEBS 
and  Pt-EI3P04  cathodes  gradually  decreased,  although  the  decre¬ 
ment  was  somewhat  less  for  the  Pt-SIPO-sSEBS/Pt  cathode  than  for 
the  Pt-H3P04/C  cathode.  Impedance  measurements  showed  that 
the  decrease  in  cell  voltage  was  mainly  attributable  to  an  increase 
in  the  polarization  resistance  rather  than  the  ohmic  resistance;  for 
example,  the  polarization  resistance  of  the  Pt-SIPO-sSEBS/C  cath¬ 
ode  increased  from  1.5  to  2.1  £2  cm2.  Because  the  dissolution  of 
Pt  in  acid  solutions  is  considerable  when  the  cathode  potential  is 
over  800  mV  [21  ],  it  is  reasonable  to  consider  that  the  deterioration 
observed  above  is  not  mainly  due  to  the  agglomeration  of  the  Pt 
particles  during  cell  discharge.  One  possible  explanation  is  that  a 


part  of  the  amorphous  carbon  in  the  catalyst  support  is  transformed 
into  graphitic  carbon,  resulting  in  a  significant  decrease  in  the  sur¬ 
face  area  of  carbon  [29].  If  this  is  true,  then  one  could  avoid  such 
deterioration  by  using  a  graphite-rich  catalyst  support.  Therefore, 
further  research  is  required  in  catalyst  development  to  improve  the 
stability  of  the  cathode  during  cell  discharge  in  these  fuel  cells. 

4.  Conclusions 

A  composite  cathode  was  successfully  fabricated  using  SIPO 
powder  and  sSEBS  as  the  binder.  The  use  of  this  ionomer  enhanced 
both  the  porosity  of  the  cathode  and  proton  conductivity  in  the 
cathode.  Moreover,  homogeneously  connected  networks  of  proton 
pathways  were  obtained  in  the  cathode.  The  resultant  ORR  activity 
of  the  Pt-SIPO-sSEBS/C  cathode  was  higher  than  that  of  the  Pt- 
H3P04/C  cathode  between  100  and  200  °C,  thereby  yielding  better 
discharge  properties  under  high-temperature  PEMFC  conditions. 
In  particular,  it  is  noteworthy  that  polarization  losses  at  low  and 
high  current  densities  were  significantly  reduced  by  using  the  Pt- 
SIPO-sSEBS/C  cathode.  Another  beneficial  effect  of  this  ionomer  was 
less  agglomeration  of  Pt  particles  compared  to  that  in  the  EI3P04 
ionomer.  This  characteristic  was  responsible  for  the  low  solubility 
of  Pt  in  the  SIPO-sSEBS  ionomer  or  the  low  acidity  of  this  ionomer. 
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